Prolonged exposure ofcells or tissues to drugs or hormones such as catecholamines leads to a state of refractoriness to further stimulation by that agent, known as homologous desensitization. In the case of the fi-adrenergic receptor coupled to adenylate cyclase, this process has been shown to be intimately associated with the sequestration of the receptors from the cell surface through a cAMP-independent process. Recently, we have shown that homologous desensitization in the frog erythrocyte model system is also associated with increased phosphorylation of the f3-adrenergic receptor. We now provide evidence that the phosphorylation state of the 13-adrenergic receptor regulates its functional coupling to adenylate cyclase, subcellular translocation, and recycling to the cell surface during the process of agonist-induced homologous desensitization. Moreover, we show that the receptor phosphorylation is reversed by a phosphatase specifically associated with the sequestered subcellular compartment. At 230C, the time courses of (3-adrenergic receptor phosphorylation, sequestration, and adenylate cyclase desensitization are identical, occurring without a lag, exhibiting a til2 of 30 min, and reaching a maximum at w3 hr. Upon cell lysis, the sequestered ,B-adrenergic receptors can be partially recovered in a light membrane vesicle fraction that is separable from the plasma membranes by differential centrifugation. The increased ,B-adrenergic receptor phosphorylation is apparently reversed in the sequestered vesicle fraction as the sequestered receptors exhibit a phosphate/receptor stoichiometry that is similar to that observed under basal conditions. High levels of a /3-adrenergic receptor phosphatase activity appear to be associated with the sequestered vesicle membranes. The functional activity of the phosphorylated ,B-adrenergic receptor was examined by reconstituting purified receptor with its biochemical effector the guanine nucleotide regulatory protein (Nj) in phospholipid vesicles and assessing the receptor-stimulated GTPase activity of N8. Compared to controls, phosphorylated (3-adrenergic receptors, purified from desensitized cells, were less efficacious in activating the N8 GTPase activity. These results suggest that phosphorylation of the ,B-adrenergic receptor leads to its functional uncoupling and physical translocation away from the cell surface into a sequestered membrane domain. In the sequestered compartment, the phosphorylation is reversed thus enabling the receptor to recycle back to the cell surface and recouple with adenylate cyclase.
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Prolonged exposure of target cells to hormone agonists results in diminished cellular responsiveness to further hormonal stimulation through a process known as desensitization. Hormone-induced desensitization has been extensively investigated in a variety of cells that contain ,B-adrenergic receptors coupled to the stimulation of adenylate cyclase activity. Desensitization of P-adrenergic receptor-coupled adenylate cyclase is generally divided into two major categories. One form is referred to as homologous and is distinguished by the fact that only stimulation by ,-adrenergic agonists is attenuated (1) (2) (3) . Conversely, heterologous desensitization is characterized by a diminished responsiveness to additional hormones and to nonhormonal activators such as guanine nucleotides and fluoride ion (1) (2) (3) .
Recent information has indicated that heterologous desensitization is associated with phosphorylation and functional uncoupling of the p-adienergic receptor, which is mediated, at least in part, by the cAMP-dependent protein kinase (4-7). In contrast, homologous desensitization appears to involve the sequestration or removal of the f3adrenergic receptors away from the cell surface through a cAMP-independent process (1-3 (10) (11) (12) (13) (14) (15) . Recently, we have demonstrated that homologous desensitization is associated with increased phosphorylation of the f-adrenergic receptor (16, 17) . This phosphorylation process is pharmacologically specific, stoichiometric, and may be mediated by a f3-adrenergic receptor kinase (16) (17) (18) (8, 16) .
In the present investigation, we have used two different membrane preparations. One involves hypotonic lysis of the cells in 5 mM MgCl2/5 mM Tris-HCl, pH 7.4, without homogenization followed by centrifugation at 30,000 x g for 10 min. This results in a membrane pellet containing the total cellular pool of P-adrenergic receptors-that is, the cellsurface receptors in addition to the receptors sequestered from the cell surface. In the second method, the cells are lysed by Dounce homogenization in ice-cold H20 followed by centrifugation at 30,000 x g for 10 min. The low-speed pellet contains plasma membranes that are contaminated with some sequestered vesicle membranes (ref. 8; unpublished observations). The supernatant fraction is further centrifuged at 158,000 x g for 1 hr. The resulting high-speed pellet consists solely of the sequestered vesicular membrane receptors (8, 19) . The Dounce homogenization was less efficient than that of the Potter-Elvehjem for separating the sequestered vesicle particles from the plasma membranes but was necessary when using 32P-labeled cells because of the high levels of radioactivity.
The subsequent solubilization, affinity chromatography, and concentration of the 0-adrenergic receptors were performed exactly as described (5, 16 (20) . Briefly, bovine brain membranes were prepared and solubilized with sodium cholate. Solubilized N.
was then successively chromatographed on DEAE-Sephacel, Ultrogel AcA-34, octyl-Sepharose, and hydroxylapatite, followed by a final purification step on DEAE-Sephacel.
Insertion of fi-Adrenergic Receptors and N, into Phospholipid Vesicles. ,3Adrenergic receptors from control or desensitized erythrocytes were purified by affinity chromatography and inserted into phospholipid vesicles with purified Ns as described (13, 21) . /3-Adrenergic receptor (5-10 pmol in <150 1d) and Ns (15 pmol been shown to exhibit GTPase activity elicited by its interaction with the ,B-adrenergic receptor, which presumably terminates hormone and GTP-induced adenylate cyclase activation (21, 25) . Fig. 2 shows the GTPase activity exhibited by reconstituted control or desensitized S-adrenergic Biochemistry: Sibley et al.
ceptor stoichiometry (mol/mol) of 0.62 + 0.15 (n = 5). Lane 2 shows a purified receptor preparation from isoproterenoldesensitized erythrocytes. This preparation consists of the total pool of 3-adrenergic receptors in the desensitized cells, including both the cell surface and the sequestered receptors. As can be seen, the amount of phosphate incorporated into the receptor is substantially increased. The average stoichiometric value (mol of phosphate per mol of receptor) for the total pool of receptors from desensitized cells is 2.1 ± 0.19 (n = 7). Lane 3, however, shows a receptor preparation purified from the sequestered vesicle membranes obtained from desensitized cells. In this case, the level of receptor phosphorylation is low (0.75 ± 0.08 mol of phosphate per mol of receptor; n = 3), similar to that observed under basal conditions (Fig. 3, lane 1) . This indicates that the major increase in phosphorylation of the /3-adrenergic receptor upon desensitization (lane 2) is due predominately to an increase in the phosphorylation state of the cell-surface receptors. Moreover, this observation suggests that the increased receptor phosphorylation is reversed either during or rapidly after receptor sequestration from the cell surface. This dephosphorylation event may enable the receptor to eventually recycle back to the cell surface.
To explore the possibility that receptor dephosphorylation actually occurs in the sequestered vesicle compartment, we examined the ability of various cellular fractions to promote dephosphorylation of 32P-labeled ,3-adrenergic receptor. Fig.   4 shows that incubation of 32P-labeled receptor with an enriched plasma membrane fraction results in partial receptor dephosphorylation. However, incubation with a purified sequestered vesicle fraction results in receptor dephosphorylation, which occurs considerably more rapidly and to a greater extent (Fig. 4) . Incubation with cell cytosol did not result in appreciable receptor dephosphorylation (data not shown). We further compared the ability of the plasma membrane and vesicle membrane fractions to dephosphorylate p-nitrophenyl phosphate, a general phosphatase substrate. Interestingly, the enriched plasma membrane fraction exhibited -10-fold greater activity toward this substrate (data not shown). Thus, even though the vesicle membranes using plasma membranes or vesicle membranes as sources of phosphatase activity. Frog erythrocyte membrane fractions were prepared as described (19) . Equal amounts of the plasma membraneenriched and the sequestered vesicle membrane fractions were incubated with 32P-labeled receptor in 12.5 mM MgCl2/1.5 mM EDTA/75 mM Tris HCI, pH 7.0, for the indicated times followed by freezing, lyophilization, and characterization on NaDodSO4/PAGE. 32P-labeled receptor used as the substrate for the phosphatase assay was prepared by phosphorylating purified hamster lung ,&adrenergic receptor, reconstituted into phospholipid vesicles with partially purified /3-adrenergic receptor kinase as described (18 (18) have identified a 13-adrenergic receptor kinase that phosphorylates only the agonist-occupied form of the receptor and that may be involved in homologous desensitization. In contrast, very little is known concerning the receptor phosphatase. Our present results indicate that it is highly concentrated in the sequestered vesicle compartment. Although small amounts of /3-adrenergic receptor dephosphorylating activity were observed in the enhanced plasma membrane fraction (Fig. 4) , it is likely that this low activity is due to the presence of contaminating membranes from the sequestered compartment (see Materials and Methods). Preliminary evidence has indicated that the action of the phosphatase on the /3adrenergic receptor is not affected by agonist occupancy or by the prior exposure of cells to agonists (data not shown).
This phosphatase might represent a specific 13-adrenergic receptor phosphatase or a previously unrecognized activity of one of the known protein phosphatases. Protein phosphatases have generally been divided into four major Biochemistry: Sibley et al.
Proc. Natl. Acad. Sci. USA 83 (1986) classes referred to as types 1, 2A, 21, and 2C (27) . It is interesting to note that type 1 has been shown to be associated with liver microsomes, while type 2B has been shown to be localized at postsynaptic densities in the brain (27) .
Our current working hypothesis for the molecular mechanisms involved in homologous desensitization of adenylate cyclase is shown in Fig. 5 . Agonist occupancy of the p-adrenergic receptor leads to its phosphorylation by a ,S-adrenergic receptor kinase. This phosphorylation results in the functional uncoupling of the receptors and triggers their sequestration from the cell surface. In the frog erythrocyte, these events are not temporally separable, although in some cells (23) dephosphorylation of the receptor likely resides in the sequestered membrane compartment. Dephosphorylation of the receptor restores its functionality and enables it to recycle back to the cell surface and recouple with adenylate cyclase.
